Abstract: Rare earth element (REE) data from low to mid-Arenig cherts are used to test competing models for the early Ordovician evolution of the Laurentian margin in the northern British Isles. Cherts from the Ballantrae Ophiolite Complex have chondrite-normalized REE patterns typical of continental margin settings with LREE enrichment, a slight negative Eu anom and shale and chondrite-normalized La/Yb values of 0.97-1. 41 and 7.78-11.4 respectively. This pattern, together with a large positive chondritenormalized Ce anom (1.44-1.70), is virtually identical to that found in radiolarian chert of the Gascoyne Abyssal Plain, in the Timor Sea. Cherts from the Raven Gill Formation within the Leadhills Imbricate Zone, Northern Belt, Southern Uplands have typical continental margin REE patterns, chondritenormalized Ce anom (0.9-1.21) and Eu anom (0.61-0.79) values indicating that they formed closer to the continental margin than those from Ballantrae. Shale and chondrite-normalized and La/Yb values of 0.95-1.27 and 4.92-13.88 respectively confirm this interpretation.
Arenig terranes in the northern British Caledonides to the south of the Highland Border contain volcanics and deep water sediments which originated outboard of the Laurentian margin. These include the Ballantrae Complex, a highly tectonized Arenig ophiolite and, to the south of the Southern Upland Fault, lavas and cherts within the Leadhills Imbricate Zone which lies to the north of the Leadhills Fault (Fig. 1) . The pre-deformation geological history of the Imbricate Zone rocks is currently unknown.
These Arenig rocks provide a window into the tectonic environments pertaining during a critical, pre-collisional phase in the evolution of the British Caledonides. In this paper we use chert rare earth element (REE) geochemistry of biostratigraphically well-constrained samples to reconstruct the original tectonic environments of these allochthonous, terranes and present a model for the tectonic setting and early collisional history of this part of the Laurentian margin.
Ballantrae Complex
The Ballantrae Ophiolite Complex (Church & Gayer 1973; Bluck 1978) has played an important role in reconstruction of the plate configuration of the Caledonian Orogeny. The complex contains the components of an ophiolite which was thrust onto the Midland Valley microplate. Bluck et al. (1980) suggested that most of the volcanic rocks in the Ballantrae Complex were generated in an island-arc marginal basin; a U-Pb zircon age of 483 4 Ma for a trondhjemite body dating the genesis of the ophiolite and a K-Ar age of 478 4 Ma on an amphibole in the metamorphic aureole, dating emplacement. The section at Bennane Head (locality Bennane Lea grid ref. [NX 09108610]; Lewis 1975; Stone & Smellie 1988; Bluck 1992b) exposes the Balcreuchan Group comprising volcanic and associated sedimentary rocks, including c. 30 m of red and green radiolarian chert (Fig. 2) . The clastic sedimentary rocks within and underlying the pillow lavas contain graptolites, including Tetragraptus fruticosus, Sigmagraptus praecursor, Didymograptus extensus and D. cf. protomurchisoni, indicative of an early to mid-Arenig age (Stone & Rushton 1983) . Intimately associated with the lavas and black and red cherts are fine volcaniclastic breccias and hyalotuffs, indicative of a shallow marine origin, together with black graptolitic mudstones (Bluck 1992b) . Further to the north, near Balcreuchan Port, low Arenig graptolites, including the eponymous zonal index species Tetragraptus approximatus, have been found in red cherty mudstones (Stone & Rushton 1983) . Both radiometric and biostratigraphical ages are consistent with the formation of the successsion in early to mid-Arenig times.
The oldest part of the Ballantrae lava sequence contains rare prehnite, epidote and titanite as alteration products suggesting burial metamorphism to the prehnite-pumpellyite facies (Smellie 1984) and suggesting the possibility that the cherts in the succession may be recrystallized. However, the cherts show little visible evidence of recrystallization and contain well preserved radiolarians and conodonts (Aitchison 1998) .
The lavas were generated in a variety of tectonic settings (Wilkinson & Cann 1974) . Of specific interest to this study, the lavas (and associated cherts) from the southerly coastal outcrops at Bennane Lea (Bluck 1992b) have been attributed to an ocean island setting based on their trace element geochemistry (Wilkinson & Cann 1974; Jones 1977; Thirwall & Bluck 1984: Fig. 2) . Stone & Smellie (1990) and Bluck (1992b) considered this was close to a rifted island arc. Elsewhere in the complex, lavas of island-arc affinity are known from Games Loup and Mains Hill (Lewis 1975; Wilkinson & Cann 1974; Jones 1977; Thirlwall & Bluck 1984; Bluck 1992a; Fig. 2) . Lewis & Bloxham (1977) recognized both island-arc and oceanic island lavas based on REE data. The southern margin of the complex is defined by the Stinchar Valley Fault, the western part of the Southern Upland Fault (Floyd 1994 (Floyd , 1996 .
In a review of western Pacific and ancient ophiolites Searle & Stevens (1984) concluded that all are connected with shortlived, intra-oceanic subduction zones and marginal basins and island arcs in varying degrees of maturity. Using a uniformitarian approach, a number of hypotheses have been proposed to explain the geological evolution of the Ballantrae Complex. Barrett et al. (1982) considered the ocean island lavas to represent an intra-plate volcanic edifice, seamount or plateau. Northward subduction beneath the Midland Valley caused the collision of the seamount with the trench, high level volcanics were accreted or obducted onto the continental margin basement (north of the Stinchar Valley Fault). This hypothesis ignored the existence of a volcanic arc and is rejected. They also suggested a period of northward subduction without accretion prior to the emplacement of the Downan Point Lava Formation in the mid-Ordovician. Though plausable, to have a period of some 30 Ma of subduction with apparently no geological evidence of accretion seems unlikely. The Downan Point Lava Formation could in part fill this stratigraphical gap but its age is poorly known. An imprecise Sm-Nd age date of 468 22 Ma was obtained by Thirlwall & Bluck (1984) .
A more likely hypothesis for the origin of the Ballantrae Complex is a variation of the island-arc marginal basin model proposed by Bluck et al. (1980; see also Bluck 1992a) who envisaged an arc developed above a north-dipping subduction zone (Hypothesis a, Fig. 3a) . Stone & Smellie (1990) and Smellie & Stone (1992) favoured an origin for the Ballantrae Complex in a back-arc basin above a south-dipping subduction zone (Hypothesis b, Fig. 3b ). They noted however (p. 543) that either a northwards or southwards subduction model could be applied to the complex, as both were consistent with the known lithostratigraphical and geochemical constraints. Further, the complex was then tectonically telescoped during obduction and a reversal in subduction polarity. In hypothesis a the cherts of the Ballantrae Complex formed in a basin close to the continental margin and should inherit the geochemical character of that margin. In hypothesis b the cherts would have been deposited within a back-arc basin or open ocean setting, separated from the continental margin by a trench. The trench would have trapped sediment destined for the basin and in this hypothesis cherts would inherit the geochemical character of the ocean. Elucidation of the depositional setting of these cherts thus provides a definitive test of these hypotheses.
Leadhills Imbricate Zone
This zone extends as a 1.8 km wide zone to the immediate north of the Leadhills Fault (Fig. 1) . It is one of the most complex parts of the Northern Belt in terms of the structure, formal definition of the stratigraphical units present and their distinction from those of the structural zone immediately to the north (Leggett et al. 1979) . The zone contains numerous repetitions of volcanic rocks, cherts, black shales and greyackes (Hepworth 1981; Hepworth et al. 1982; Leggett 1978; Leggett & Casey 1982) . At least some of the greywackes belong in the Kirkcolm Formation (=Abington Formation of Hepworth 1981 and Hepworth et al. 1982) and the black shales are assumed to represent parts of the Moffat Shale Group either beneath or within the Kirkcolm Formation.
In his review of Southern Uplands stratigraphy, Floyd (1996) formalized the dominantly volcanic and chert units of the Leadhills Imbricate Zone as the Raven Gill and Kirkton formations within what he termed the Crawford Group. The Raven Gill Formation was defined, following Hepworth (1981) and Hepworth et al. (1982) , for the basaltic pillow lavas, basic sheets, brown mudstones and radiolarian cherts at the eponymous type locality. Floyd (1996, p. 157 ) noted the Arenig age of the conodonts from Raven Gill (Oepikodus evae Biozone-see also Löfgren 1978, p. 38; Armstrong et al. 1990) . Floyd (1996, p. 157) expressed uncertainty as to the unequivocal recognition of the Raven Gill Formation elsewhere along the Leadhills Imbricate Zone and suggested that the formation name should only be applied to rocks of proven Arenig age. He followed Hepworth (1981) in assigning the extensive development of grey and red cherts, red and green siliceous mudstones and lavas in the Leadhills Imbricate Zone to the Kirkton Formation. Floyd (1996) provisionally designated the pipeline section near Abington described by Leggett (1978 , see also Leggett & Casey 1982 as the type section for the Kirkton Formation and considered the red and green siliceous mudstones described by Hepworth (1981) in Glencaple Burn near the confluence of Raven Gill [NS 9252 1988] as a reference section in the type area. Other reference sections were designated further to the northeast.
The outcrops along the Glencaple Burn were examined and sampled during the present study and confirm the observations of Hepworth (1981) Smith (1907) was confirmed during the present study in conjunction with the sampling of grey cherts from the thick chert and shale succession here. Basalts are reported from the locality (Borthwick 1993, p. 199) and there is also a thick sequence of greywackes of unknown age.
The rocks of the Leadhills Imbricate Zone are also well exposed on the hills above Crawford (see Leggett & Casey 1982, fig. 5 ) where the track leading to the radio mast and the adjacent fields show faulted repetitions of grey radiolarian chert, greywacke and, on higher parts of the track, igneous rocks, brown shales and red cherty mudstones. The last of these have yielded low to mid-Arenig conodonts of the O. evae Biozone (sensu Fortey et al. 1995) in the present study and in samples subsequently collected by J. D. Floyd with T. Danelian of Edinburgh University (Armstrong & Dean 1996) .
Conodont bearing cherts and siliceous mudstones, which are unequivocally part of the Leadhills Imbricate Zone, belong in the low to mid-Arenig O. evae Biozone. This would suggest that the Kirkton Formation in its type area is synonymous with the Raven Gill Formation-the latter name having formal priority. Although sharing very similar lithological characteristics, the red siliceous mudstones and grey cherts with black mudstones which crop out in fault bounded tracts to the north of the Leadhills Imbricate Zone yield P. anserinus Biozone faunas (Armstrong et al. 1990; Owen et al. 1999) and are therefore significantly younger (latest Llanvirn-earliest Caradoc) than the revised Raven Gill Formation of the Leadhills Imbricate Zone. It may eventually be appropriate to establish a new lithostratigraphical name for the younger chert-bearing unit.
Based on the conodont and graptolite biostratigraphy, the Raven Gill Formation of the Southern Uplands correlates with the chert bearing succession of the Ballantrae Complex and deposition of these cherts predates the obduction of the ophiolite. In order to reconstruct late Arenig palaoegeography and tectonostratigraphy the relationship between the rocks of the Leadhills Imbricate Zone and the Ballantrae Complex must be known.
REE geochemistry and radiolarian chert depositional environment
Modern radiolarian oozes accumulate in a restricted range of depositional settings where nutrient-rich upwelling zones lead to high planktonic productivity (Hesse 1988) . Ordovician to Cretaceous radiolarian cherts are also thought to have accumulated in high-latitude east-west upwelling belts and in continental margin zones (Jones & Murchey 1986, p. 467) . Murray et al. (1991 Murray et al. ( , 1992 have shown that the variation in REE composition in marine cherts and mudrocks results from a combination of (1) the composition of contained terrigenous particles, (2) the composition of contained metalliferous particles and (3) adsorption from sea water. As a result of the last of these, the total REE abundance is controlled by sediment exposure time (i.e. burial rate).
During the early diagenesis of cherts there is considerable chemical fractionation, notably the addition of dissolved silica, but Al, Ti and Fe and the REEs are immobile (Murray 1994) . Murray (1994) convincingly demonstrated that while Al, Ti and Fe (expressed as oxides) can provide some discrimination between continental margin and proximal ridge settings, the REEs enable a further distinction to be made between proximal ridge and pelagic deposits (see also Girty et al. 1996) . Murray et al. (1992) noted that the REE composition of chert records the interplay between terrigenous sources and scavenging from local seawater. Using shale-normalized REE patterns, total abundances, Ce anom and La/Yb they were able to discriminate between oceanic (Pacific-type), large ocean basin surrounded by passive margins (Atlantic-type) and continental-margin cherts receiving large amounts of terrigenous material (Southern High Latitude (SHL)-type). Owen et al. (1999) have extended the application of chert REE geochemistry to the elucidation of the depositional setting of tectonized cherts within the Caledonian orogenic belt.
Samples and analytical procedures
Cherts have been sampled from Bennane Lea and through the Leadhills Imbricate Zone (Table 1 for grid references). XRD analysis was used to provide a semi-quantitative assessment of non-silica components of the cherts and cherty shales and thus a purity check prior to ICP-MS analysis of the samples. Samples which did not fully enter into solution following reaction with hot Aristar hydrofluoric and nitric acids were excluded from the analysis. The ICP-MS analysis was undertaken on a Perkin Elmer Sciex Elan 6000 machine at the Department of Geological Sciences, University of Durham, calibrated using matrix-matched standards and an internal Rh standard was added to the samples prior to dilution. The limit of detection is 3 of the blanks and in all cases is <7 ppb. The limit of quantification is 10 of the blanks and in all cases is <13 ppb as shown by replicate analysis of the USGS reference rock standards SCo-1, W2, BCR1, BHVO1, RGM1 and x108 an internal laboratory quality control standard. Data points on the normalized REE plots have been scaled to include this error. All analysed samples contain microveins of quartz and/or calcite and the inclusion of some of this material was inevitable in virtually all of the powders for REE analysis. The consistency of REE patterns within and between the sample sets and in comparison with DSDP and ODP published data (Murray et al. 1992) confirm that any REE input from these veins is negligible.
A chondrite-normalized average REE pattern is likely to parallel the primordial abundances in the solar nebula and bulk Earth abundances. The values adopted here are for CI carbonaceous chondrites (Boynton 1984; values in Table 1 ). To enable comparison with other REE analyses of cherts, the ICP-MS results were also normalized against mean shale (see Murray 1994; Murray et al. 1990 Murray et al. , 1991 Murray et al. , 1992 values in Table 1 ), a technique also applied in seawater chemistry (e.g. Elderfield & Greaves 1982) .
In addition to the shale and chondrite-normalized REE plots showing the overall REE patterns, normalized Ce anom , Eu anom and La/Yb element ratios have been considered useful discriminants between samples and between plate tectonic environments (Murray et al. 1992; Owen et al. 1999) . The Ce anom and Eu anom are calculated as recommended by Murray et al. (1992) . These signatures seem to be robust despite considerable discussion in the literature of potential variation in cerium and possibly europium anomalies as a function of oceanic redox conditions (Wilde et al. 1996; Holser 1997 
Results
Raw REE abundances (in ppm) and chondrite and shalenormalized discriminates are tabulated in Table 1 A black radiolarian chert (AOW12; Fig. 4a ) from the edge of the rudite outcrop to the immediate south of the bedded cherts at Bennane Lea lacks the Ce peak and is relatively depleted in chondrite-normalized LREEs compared to the red and green cherts AWO 1-6 (La/Sm 2.25 cf. 2.92-3.61). Significantly, the chondrite-normalized plot shows that there is virtually no Eu anom (0.88) in the black chert suggesting the presence of a component derived from an immature arc (McLennan et al. 1990 ). However both XRD and XRF show sample AOW12 to be almost pure silica. La sn /Yb sn and La cn /Yb cn values are also low for this sample at 0.57 and 4.19 respectively.
Leadhills Imbricate Zone cherts show typical continental margin REE patterns (Fig. 4b) and 0.90-1.30 for cherts and shales from continental margin settings estimated to be over 3000 km from the spreading ridge. Taking a larger data set, derived from DSDP and ODP cores from several oceans, Murray et al. (1992) were able to define four groups of cherts based upon REE geochemistry. Their raw data are chondrite-normalized herein using the values of Boynton (1984) to facilitate comparision (Fig. 5,  Table 3 ). Pacific Ocean cherts typify a depositional setting far removed from significant terrigenous input. These cherts record a REE pattern dominated by adsorption of dissolved REEs from seawater. Cherts from the Atlantic basin, a moderate-sized basin surrounded by passive margins and a higher terrigenous input record a mixture of adsorbed and terrigenous input, with moderately negative shale- Australian passive margin and the Java trench, has a REE pattern identical to that of the red and green cherts from Bennane Lea, including positive Ce anom (Murray et al. 1992 ; Table 3 ). This environment is consistent with the Tethyan-type ophiolite in so far as it formed in a marginal basin between a continental margin and a trench.
Cherts from the Leadhills Imbricate Zone have Ce anom and Eu anom values which are similar to those of Southern High Latitude cherts and normalized La/Yb values comparable to either Atlantic-or SHL-type cherts. On balance the Leadhills data compare most closely with those of cherts from Southern High Latitudes. This indicates a basinal setting close to the continental margin and a REE geochemistry dominated by terrigenous detritus. It is concluded that the cherts from the Leadhills Imbricate Zone accumulated closer to the continental margin than those from the Ballantrae Complex.
Terrane analysis
Our chert REE data indicate that the Ballantrae marginal basin was receiving clastic material from a nearby continental margin. This conclusion supports the model, proposed by Stone & Smellie (1990) and Bluck (1992b) , that the Ballantrae Complex developed in a rifted back-arc setting above a northward dipping subduction zone (hypothesis a Fig. 3) .
Similarly the cherts of the Leadhills Imbricate Zone formed close to a continental margin. By analogy with modern collisional margins the Leadhills Imbricate Zone could therefore represent: (1) a fragment of the proximal part of a marginal basin trapped and deformed during obduction, (2) a sliver of allochthonous Arenig rocks emplaced during post-obduction, strike-slip faulting, or (3) an accreted fragment of oceanic crust (rejected following arguments in Armstrong et al. 1996 and the continental margin REE patterns presented herein). The tectonostratigraphical relationship between the Ballantrae Complex and unequivocal Arenig rocks of the Leadhills Imbricate Zone (Raven Gill Formation) helps constrain the nature of the southern margin of the Midland Valley terrane during the Arenig, the early history of the Southern Upland Fault and its status as a terrane boundary. If the Ballantrae Complex was emplaced over the Leadhills Imbricate Zone succession then one might envisage a scenario in which the conversion of a pre-Arenig mid-ocean ridge-fracture zone system into a subduction zone-arc system was followed by northward emplacement of the ophiolite as elements in the marginal basin became trapped at the subduction zone (cf. the model proposed by Dewey & Shackleton (1984) for the ophiolites of the Grampian tract). Alternatively the Ballantrae Complex may have been emplaced prior to the juxtaposition of the Southern Uplands and Midland Valley Terranes, in which case following ophiolite emplacement the margin became the site of a major strike-slip system (the proto-Southern Uplands fault). The depth of burial of the Raven Gill Formation (Leadhills Imbricate Zone) is the key to solving this problem. If the ophiolite had been emplaced over the rocks of the Raven Gill Formation then this formation would have been buried to a depth exceeding 15 km, comprising 10-15 km hot obducted slab plus subsequent sedimentary cover.
Arenig spilites from the Leadhills Imbricate Zone have been metamorphosed to prehnite-pumpellyite facies (300-360 C) at pressures of 1-3 kbar (Hepworth et al. 1982; Merriman & Roberts 1996) . Caradoc turbidites from the Northern Belt have anchizone (equivalent to the prehnite-pumpellite facies) illite crystallinity values. Conodonts from the Wrae Limestone (within the Ashgill Shinnel Formation) have a CAI of 5 indicative of heating to 300-400 C (Rejebian et al. 1987; Bergström 1980; Armstrong 1997) . The apparent lack of any stratigraphical variation in palaeotemperature between the lower Caradoc and the lower Ashgill is due to the range of temperatures encompassed by the indices. A 100 C range could equate with 3 km depth of burial at normal continental geothermal gradients, the approximate stratigraphical thickness of the preserved Kirkcolm Formation. The Wrae Limestone is a conglomerate in the Shinnel Formation and its component clasts may have been heated prior to re-deposition. However, the proposed source area for the clasts, to the north of the Southern Upland Fault (the Stinchar Limestone or its approximate lateral equivalents; Owen et al. 1996; Armstrong et al. 1996; Armstrong 1997 ) is characterized by low CAI values of 1.5-2 (Bergström 1980). These values are comparable to those of the lowermost Carboniferous and indicate heating to no higher than 80 C and burial to depths of c. 2.5 km (Dean & Turner 1995) .
The data from the Northern Belt indicate that heating occurred post-early Ashgill. In the absence of significant regional igneous activity of this age it is assumed that the thermal maturity of the sediments was generated by depth of burial. At an average continental geothermal gradient of 30 C km 1 the recorded temperatures would suggest burial to 10-12 km. This must have been produced by either missing strata (arguments above render this unlikely) or tectonic thickening within the Southern Uplands thrust stack. The combined stratigraphical thickness of the Kirkcolm and Portpatrick formations approaches 5.25 km and thrusting would have to have at least doubled this thickness.
In conclusion, estimates of palaeotemperatures and depth of burial of the Raven Gill Formation indicate the Ballantrae Ophiolite could not have been emplaced over the Leadhills Imbricate Zone. The metamorphic grade of these rocks is best explained in terms of post-early Ashgill tectonic thickening and consequently the Leadhills Imbricate Zone must represent an allochthonous fragment of a marginal basin. If the rocks of the Leadhills Imbricate Zone formed the basement to the later Ordovician cover succession of the Northern Belt of the Southern Uplands (see Leggett 1987) then palaeontological evidence places this terrane adjacent to Pomeroy, Co. Tyrone in the early Caradoc (Owen & Clarkson 1992; Scrutton et al. 1998; see also Williams et al. 1997) .
The apparently anomalously low thermal maturity values of the Girvan area (Bergström 1980) can be explained by the c. 2.5 km of preserved Palaeozoic sedimentary cover in this area of the Midland Valley, which must have remained as a positive feature for much of subsequent time. This suggests the Southern Uplands thrust duplex was a highly asymmetrical structure or that the two areas were separated during the initial phase of duplex development. Owen & Clarkson (1992) and Scrutton et al. (1998) have argued for <250 km of post-midCaradoc sinistral strike-slip between Pomeroy and the Northern Belt of the Southern Uplands
The Northern Belt exposes a continuous sedimentary record of Caradoc to upper Ashgill greywackes. Sedimentation was terminated in the Northern Belt when the basin inverted in the late Ashgill as a result of the soft-docking of Avalonia (Stone et al. 1987; Pickering et al. 1988; Armstrong et al. 1996) . It would therefore seem likely that the emplacement of the Southern Uplands was initiated during the late Ashgill.
Conclusions
REE indices of depositional regime are reproducible over a variety of ages, ocean basins, degrees of deformation and metamorphism and present a powerful tool for palaeoceanographic and tectonic reconstructions. The chert REE data presented here support the hypothesis that the Balcreuchan Group of the Ballantrae Complex formed in a large marginal ocean basin close to the Midland Valley margin. The Midland Valley terrane provided a source of continental clastic detritus during the early to mid-Arenig.
The lava and chert association of the Leadhills Imbricate Zone in the Southern Uplands represents a fragment of the proximal part a marginal basin subsequently tectonized during later Caledonian faulting. The depth of burial of the Raven Gill Formation (Leadhills Imbricate Zone) precludes the Ballantrae Complex having been thrust over it. A major sinistral strike-slip fault along the southern margin of the Midland Valley terrane is invoked to facilitate the juxtaposition of these two Arenig successions.
We propose a model for the early Ordovician evolution of the Laurentian-Midland Valley margin during which the Ballantrae Ophiolite formed in a marginal basin above a northerly dipping subduction zone. The ophiolite was obducted during the late Arenig (c. 470 Ma) following the closure of this basin. Arenig rocks of the Leadhills Imbricate Zone formed part of a marginal basin close to the continental margin and were adjacent to Pomeroy, Co. Tyrone. These rocks formed the basement of the Northern Belt basin which accumulated sediment until the late Ashgill. This basin was inverted and translocated northeastwards along the Midland Valley margin to its present location from the late Ashgill.
